In a sodium-cooled fast reactor, which is a Generation-IV reactor, refueling is conducted by rotating, but not opening, the reactor head to prevent a reaction between the sodium, water and air.
tial prior to the refueling of a sodium-cooled fast reactor. To this end, an ultrasound-based inspection technique should be employed because the opacity of the sodium prevents conventional optical inspection techniques from being applied to the monitoring of obstacles. In this study, a ranging inspection technique using a plate-type ultrasonic waveguide sensor was developed to monitor the presence of any obstacles between the reactor core and the upper internal structure in the opaque sodium. Because the waveguide sensor installs an ultrasonic transducer in a relatively cold region and transmits the ultrasonic waves into the hot radioactive liquid sodium through a long waveguide, it offers better reliability and is less susceptible to thermal or radiation damage. A 10 m horizontal beam waveguide sensor capable of radiating an ultrasonic wave horizontally was developed, and beam profile measurements and basic experiments were carried out to investigate the characteristics of the developed sensor. The beam width and propagation distance of the ultrasonic wave radiated from the sensor were assessed based on the experimental results. Finally, a feasibility test using cylindrical targets (corresponding to the shape of possible obstacles) was also conducted to evaluate the applicability of the developed ranging inspection technique to actual applications.
Introduction
Nuclear power plants (NPPs) are important sources of electrical power in Korea. Currently, almost 30 % of the country's electricity is generated by NPPs (1) . Although an NPP can provide high-quality electricity, it also incurs some inherent problems, notably nuclear waste. One possible solution to the problem of nuclear waste is the use of the sodium-cooled fast reactor (SFR).
The SFR can reduce nuclear waste considerably by recycling the spent fuel from a pressurized-water reactor (PWR). So far, various SFRs have been developed and are currently being developed in several countries (2) . In Korea, the pro- Although the SFR reuses spent fuel, it also requires refueling to enable its ongoing operation.
However, this refueling process is much more difficult than that of a PWR because the SFR uses sodium as its coolant. The reactor head must not be opened, even during the refueling, so as to prevent a reaction between the sodium and the air. Therefore, a refueling strategy that relies on rotating the reactor head of the SFR is employed to load new fuel and unload the spent fuel. As part of this process, it is necessary to ensure that there are no obstacles between the upper internal structure (UIS) and the reactor core, as shown in Fig. 2 . However, this is quite difficult because sodium is optically opaque, such that monitoring or surveying of the in-vessel structures cannot be done using optical devices. Therefore, there is a need for an inspection technique that can monitor these obstacles (i.e., a ranging inspection technique (3, 4) ) despite their being immersed in liquid sodium that is both hot and radioactive. sensors. The immersion sensor (5~8) , which is directly immersed in the liquid sodium, can provide high-resolution images using high-frequency ultrasound, but its reliability in such a high-temperature and highly radioactive environment has yet to be confirmed. The highly radioactive and hot liquid sodium could possibly cause thermal and radiation damage to the piezoelectric and bonding materials of an ultrasonic sensor. On the other hand, the waveguide sensor (9~13) uses an ultrasonic transducer that is mounted in a relatively cold region (e.g., above the reactor head) and transmits ultrasonic waves into the liquid sodium using a 
Ranging Inspection Using a Waveguide Sensor

Horizontal Beam Waveguide Sensor
To determine the presence of any obstacles between the UIS and the reactor core, an ultrasonic wave should be propagated between them. To achieve this, a waveguide sensor that can radiate an ultrasonic wave horizontally was newly developed. To radiate the ultrasonic waves into the surrounding liquid, the ultrasonic transducer first generates a longitudinal wave in the wedge. Next, the ultrasonic wave propagating through the wedge is converted into a guided wave in the waveguide.
Here, the angle () of the wedge is important for
generating the required guided wave mode. This angle can be calculated by using Snell's law, as follows:
where vW is the longitudinal wave velocity in the wedge and cp is the phase velocity in the waveguide, having a thickness d at a frequency f. In the developed waveguide sensor, an A0-mode Lamb wave is selected as the target guided wave mode because of its large out-of-plane particle displacement, which ensures high-efficiency radiation into the surrounding liquid (14, 15) . Finally, the ultrasonic wave is radiated into the surrounding liquid through the radiation end section of the sensor. Here, the angle () of the radiation end section is also important to the horizontal emission of the ultrasonic wave. This angle can be calculated from the radiation angle () of the leaky wave, which can also be obtained by Snell's law, as follows:
Here, vL is the longitudinal wave velocity in the 
Basic Experiment and Results
To investigate the characteristics of the developed ranging inspection technique, such as the inspection range and resolution, a basic experiment was first performed in water. Figure 5 shows the setup for the basic experiment. Two plate-type steel targets were installed in a large water bath with an inner diameter and height of 1480 mm and 820 mm, respectively. The distances of the targets from the sensor were 840 mm and 1200 mm, and the angles of the targets relative to the center of the sensor were -8˚ and 7˚, respectively.
The width, thickness, and length of the target were 50 mm, 3.2 mm, and 400 mm, respectively.
In the experiment, the vertical distance (L) between the targets and sensor was varied from 5 mm to 50 mm with an increment of 5 mm. The sensor was then self-rotated from -90˚ to +90˚
with an interval of 0.5˚ at each L. To control the developed 10 m horizontal beam waveguide sensor and obtain the inspection results, a remote inspection module and a ranging inspection program (Under Sodium Ranging Ver. 7) were used (16) . Meanwhile, it can be seen that the image of target 2 is wider than that of target 1. This is mainly caused by the cylindrical image mapping.
Because the inspection result is mapped in cylindrical coordinates, the image of target 2 has a wider arc for the same angle owing to the greater distance from the sensor. In addition, the beam spread in the XY plane also affects these results.
Although the spread angle is very small, the front of the main beam widens both vertically and laterally as the wave propagates. From the results shown in Fig. 8 , one can confirm that a flat obstacle located more than 1 m from the sensor when L≤35 mm can be well detected by the developed ranging inspection technique.
Feasibility Tests and Results
The shape of the sub-structures of the UIS in the SFR, which could become obstacles between the UIS and the reactor core, will be cylindrical or hexagonal, but not flat. In addition, the reflections from these shapes will be much weaker than those from a flat obstacle. To apply the developed ranging inspection technique to a real application, a feasibility test for a real shape was therefore conducted. 
Conclusions
The clearance between the UIS and the reactor core in an SFR is an important factor affecting the refueling process, which involves the rotation His has worked on the projects using ultrasonic methods applied to NDE. His research is mainly focused on the under-sodium viewing technique using ultrasonic waveguide sensor and in-service inspection of sodium-cooled fast reactor.
